Linear carbon chains (LCCs) have been shown to grow inside double-walled carbon nanotubes (DWCNTs) but isolating them from this hosting material represents one of the most challenging tasks towards applications. Herein we report the extraction and separation of LCCs inside single-wall carbon nanotubes (LCCs@SWCNTs) extracted from a double walled host LCCs@DWCNTs by applying a combined tip-ultrasonic and density gradient ultracentrifugation (DGU) process. High-resolution transmission electron microscopy (HRTEM), optical absorption, and Raman spectroscopy show that not only short LCCs but clearly long LCCs (LLCCs) can be extracted and separated from the host. Moreover, the LLCCs can even be condensed by DGU. The Raman spectral frequency of LCCs remains almost unchanged regardless of the presence of the outer tube of the DWCNTs. This suggests that the major importance of the outer tubes 2 is making the whole synthesis viable. We have also been able to observe the interaction between the LCCs and the inner tubes of DWCNTs, playing a major role in modifying the optical properties of LCCs. Our extraction method suggests the possibility towards the complete isolation of LCCs from CNTs.
reactivity of LCCs represents an explanation to why they do not exist freely and should either be end-caped by chemical groups (big blocks) [7] [8] [9] [10] [11] or confined inside carbon nanotubes (CNTs) [12] [13] [14] [15] [16] [17] to isolate them from each other and prevent their cross-linking. Although, these ending chemical groups or the hosting CNTs are indispensable for the integrality of LCCs, they affect their properties, chemical environment and bondings, [18] [19] [20] as well as confinement effects. 5, 21 It is therefore important to understand this influence in detail. Inspired by the idea that longer chains tend to a more semiconductor behavior (the longer the LCC is, the lower the electronic band gap results), 5, 21 historically the major goal across the field has been the production of the longest possible LCCs, but it took more than a century to achieve the polyyne consisting of from 2 to 44 carbon atoms by the end-caping method. 9 Further progress seemed always very difficult, and for that reason a new route has been highly desired for synthesis of longer polyyne.
CNTs have proven to be excellent nanoreactors inside which hollow core, structures like atomic wires 17, [22] [23] [24] [25] and graphene nanoribbons [26] [27] [28] can effectively grown. We recently demonstrated the successful synthesis of extremely long LCCs (LLCCs) inside double-walled CNTs (DWCNTs) containing more than 6000 carbon atoms. 17 In this work we show that it is possible to extract the LLCCs together with the inner tubes from the hosting outer tube of DWCNTs. This is a bridging step towards the complete extraction of LCCs from CNTs.
The environmental effects on the LCCs are mainly ruled by the inner tubes of DWCNTs rather than the outer ones, making the modification of optical properties one of the most interesting outcomes of this extraction. 
Results and discussion
The LCCs@inner tubes (LCCs@INCNTs) were extracted by tip-ultrasonication, and then DGU was applied to separate the extracted LCCs@INCNTs from the empty outer tubes as well as other remaining DWCNTs. As seen in Figure 1a , after the DGU process the LCCs@CNTs solution was clearly dispersed into two regions: The top thin layer (light purple) and the bottom part (light grey after dilution). The top region consists of thin SWCNTs as it is confirmed by the strong absorption spectrum plotted in Fig.1b . On the contrary, the absorption of bottom region is rather weak, similar as the reported for DWCNTs. 29, 30 Note that we cannot recognize the contributions of the LCCs from the SWCNTs in this spectrum, since the weak absorption of LCCs overlapps and completely covered by the strong absorption of the SWCNTs. 31, 32 The chirality assignment from the absorption shows that most of extracted tubes in the top layer are very small SWCNTs with diameters between 0.6 and 0.8 nm, 33 which are originally extracted from the inner tubes of DWCNTs. Furthermore, the Raman spectra shown in Fig.1c illustrate the difference between the two separated parts and confirm the successful extraction again. From these spectra (6, 4) and (6, 5) tube chiralities can be clearly identified in the low-frequency radial breathing mode (RBM) region for the top layer, [33] [34] [35] whereas much more signal from both the inner and outer tubes of DWCNTs can be seen in the bottom region sample. Note that the peak labelled IO conresponding to the signal arising from the iodixanol density gradient medium (see supplementary Fig.S1 ). The strong RBMs of (6,4) and (6, 5) tubes is not only due to their enrichment in the sample (also see the absorption), but also because the tubes were excited by 568 nm laser whose energy is close to the nanotubes' E 22 resonance condition. 33, 34 In addition, the narrower G Overall, the structure of extracted INCNTs is not intact and defects are frequently observed, therefore we did not observe any chains consisting of more than 100 carbon atoms even with the protection of the host SWCNT. Since TEM is a very local probe, the samples collected from different layers of the DGU tubes were examined in larger scale by absorption and Raman (macro mode with the laser spot size of about 5 mm) spectroscopies. (Fig.3b) ; a broader G-band (Fig.3c) ; and the high ratio of the high-frequency component related to the large tubes in the 2D-band. From these, abundant outer tubes exist in the layers No.E8-E10. Importantly, the distribution of (6,5) in layers No.E4-E7 is almost constant (but with different concentration), whereas (6, 4) gradually reduces from No.E4 to No.E7. As a result the distribution of different extracted inner tubes in the layers determines the LCC length distribution, as discussed below.
The DWCNTs and LCCs@DWCNTs were processed by the tip-ultrasonication with exactly the same parameters and then performing the DGU simultaneously. As shown in lengths. 5 As shown in the lower insets of Fig.4 , the LCC-band consists of a few components, corresponding to different length of LCCs. It is well understood that the longer the LCC, the lower the frequency, and the smaller electronic band gap. 4, 5, 37 Therefore, the 568 nm and 584 nm lasers are better for the detection of short and long chains, respectively. In addition, from the upper insets of Fig.4 , the resonance behaviour has also been observed for (6,5) and (6,4) tubes.
The length distribution of LCCs was carefully checked by contour Raman spectroscopy.
Two separated regions in Fig.5a are well illustrated for the DGU sample: LCCs@SWCNTs for the top and LCCs@DWCNTs for the bottom. Interestingly, the top region shows a larger contribution in the low-frequency area, revealing more longer LCCs in SWCNTs. If comparing the Raman spectrum of the sample just after tip-sonication (marked by DOC in Fig. 5c ), we found the DGU separated samples No.E4-E20 all exhibit a higher intensity of LCC-band, which means the LCCs were concentrated by the DGU as well. This is understandable, because the LCCs can only be synthesized inside thin DWCNTs with an inner tube diameter of 0.6-0.85 nm, which corresponds to about 25 % in the DOC sample. 17 The thin SWCNTs with LCCs have lower density hence stay at the higher region in the DGU tube, whereas high-density thick tubes without LCCs stay on the very bottom. In the top part of the DGU tube (Figs. 5b and 5c Fig.5d) . A second DGU could be done subsequently to perform a fine separation on the LCCs@SWCNTs with different lengths, given that enough material can be obtained in the first DGU process.
Compared to the pristine solid LCCs@DWCNTs, 17 the LCC-band of the sample straight after tip-ultrasonication is very weak (Figs.1, 4 , 5, and Figs.S7 and S8), which means that most of the LCCs have been destroyed by the tip-ultrasonication and its high power density.
Some of the extracted inner tubes are also very defective, as seen in supplementary Fig.S3 .
Therefore, decreasing the power density could allow reducing the damage of the LCCs. Lower tip-ultrasonication power was applied with the same duration followed by the same DGU process. Indeed, the intensity of the LCC-band only decreased by about 5 times compared to the pristine LCCs@DWCNTs sample (Fig.6) . The two separated regions in the DGU tube can be recognized as the LCCs@SWCNTs and the LCCs@DWCNTs. By comparison, the LCC-band intensity of the low-power extracted sample No.E3 is about 50 times higher than the intensity of high-power extracted sample (Fig.6c) . Therefore, the extraction is successfull as well at low power density with less damage, revealing that the extraction does not need much energy, given the superlubricity between the inner and outer tubes of DWCNT. [38] [39] [40] However, the low concentration of the extracted LCCs@SWCNTs by low power suggests longer tip-ultrasonication time could induce more optimal results. cm −1 at the maximum. 41, 42 In our case, the frequency-shifts of the extracted (6,4) and (6, 5) chirality tubes compared to those inside DWCNTs are both within 1 cm −1 (Fig.1c and Figs.5c and 5d), suggesting that the effect of the outer tubes is comparable to the one from the surrounding IO/surfactants as well as the LCC in total. This effect resembles that of bundling regarding energy space increments and broadening of the van Hove singularities of the bundled tubes, explaining the shifts in the RBM frequencies. 43 Furthermore, if comparing the Raman spectra of extracted SWCNTs and LCCs@SWCNTs in Fig.4 , almost no frequency shifts were observed for both (6, 4) and (6, 5) tubes. Previously, filled water molecules resulted in a RBM shift of the host nanotube by a few wavenumbers. 44, 45 However, in our case the LCCs were only partly filled inside SWCNTs and have less than 1 % of carbon atoms in the whole system, thus they cannot affect the RBM mode of their host nanotubes. On the other hand, the LCCs could be certainly affected by the host tubes. We have shown that the Raman frequency of LCCs was red-shifted by their host tubes. 21 Therefore, we conclude that the outer tubes can not influence the LCCs, but the inner tubes do. Similarly, the screening effect on the carbon chains has also been attributed to the inner tube of the DWCNTs.
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Conclusion
We have demonstrated the feasibility to extract LCCs@SWCNTs from LCCs@DWCNTs:
Both short and long LCCs can be extracted, confirmed by powerful contour optical absorption and Raman spectroscopy. The DGU not only can separate the extracted LCCs@SWCNTs and the LCCs@DWCNTs, but also can concentrate the LCCs@SWCNTs. Although the strong tip-ultrasonication destroys most of the LCCs, decreasing the power of ultrasonication can decrease the damage ratio by about 50 times. Also, we confirmed that the interaction between the LCCs and the inner tubes affects the optical properties of the LCCs, whereas the outer tube does not. This interaction should be considered and overcome when extracting LLCCs@inner-tubes were extracted by tip-ultrasonication 31, 47 and then separated from LLCCs@DWCNTs by the DGU method, which previously was used to separate semiconducting and metallic tubes, 48 empty and water-filled SWCNTs, 49 as well as SWCNTs and DWCNTs. 30 In Finally, the separated solution was collected from the top to bottom layer by layer (each for 0.7 mL).
Raman and Absorption Spectroscopic Measurements
The separated solution was measured under ambient conditions using a triple monochromator Raman spectrometer (Dilor XY with a liquid-nitrogen cooled Si CCD) excited by 568 and of laser spot and 4 mW of power. The spectral resolution is about 2 cm −1 . If not otherwise specified, all Raman spectra were normalized to the G + -band.
The optical absorption was preformed by using a UV-VIS-NIR spectrophotometer (Shimadzu UV-3600). For ease of comparison, the spectra were normalized to their optical density at 900 nm. Gatan Ultrascsan XP 1000 (FEI Titan). Experimentally applied electron-fluxes ranged from 3×10 6 to 5×10 6 e − /nm 2 /s. TEM specimens were heated in air at 150
• C for 7 min shortly before insertion into the TEM column. All imaging experiments were carried out at room temperature.
